As a metal-free construction of oxazoles and furans concomitant with the introduction of oxygen functional groups or fluorine atoms into the side chains, we have developed λ 3 -iodane-mediated cycloisomerization/functionalization reactions of propargyl compounds. In these reactions, aryl-λ 3 -iodane ArI(X)Y works not only as a donor of heteroatomic functional groups but also as an activator of carbon-carbon triple bonds. Therefore, this methodology is not required any transition metal catalysts, which are frequently used in previous methods. Furthermore, this methodology can be extended to λ 3 -iodane-mediated [2+2+1] cycloaddition type reactions of alkynes, nitriles and heteroatoms for metal-free formation of oxazoles and imidazoles.
Introduction
In recent years, hypervalent iodine reagents have been widely employed in organic syntheses because of their low toxicities, oxidizing abilities similar to heavy metal oxidants, and transition metal-like reactivities.
1 In particular, aryl-λ 3 -iodanes ArI(X)Y efficiently lead to metal-free oxidative transformations of alkynes to alkynylor alkenyl(aryl)iodonium salts (path a, c in Scheme 1), ynolates or -mides (path b) and α-functionalized ketones (path d, e), as well as the oxidative cleavage and rearrangement of alkynes to carboxylic acid derivatives (path f, g). Among these products, alkynyliodonium salt behave as a convenient synthetic intermediate of aromatic heterocycles such as thiazoles and so on, 2, 3 although the direct formation of these heterocycles from alkynes mediated by λ 3 -iodanes has not been achieved. In addition to the abovementioned reactions, Tellitu and Domínguez's group have reported that phenyliodine(III) bis(trifluoroacetate) (PIFA) directly promote the oxidative cyclization of 4-alkynylcarboxamides (Scheme 2). 4 In this procedure, PIFA works not only as a donor of oxygen function group but also as an activator for the triple bond (R' = alkyl). However, the similar approach to the aromatic heterocycles by λ 3 -iodanes had not been reported, although oxidative cycloisomerization of enynols by 2-Iodoxybenzoic Acid (IBX) had been known as the facile synthesis of 2-acylfurans. 5 As a part of our study on the synthesis of heterocycles from propargyl compounds, 6, 7 we have developed the λ 3 -iodane-mediated oxidative cycloisomerization of N-propargyl amides for the preparation of oxazoles bearing oxygen functional group at their side chains (Section 2.1). 8 Furthermore, this metal-free oxidative cycloisomerization approaches have been extended to the divergent synthesis of furfuryl alcohols and furfurals (Section 2.2) 9 or catalytic synthesis of fluorinated oxazoles (Section 2.3) 10 as well as [2+2+1] cycloaddition type reactions of alkynes, nitriles and heteroatoms (Section 3). 11, 12 The detailed synthetic and mechanistic study of these reactions will be discussed in the following sections.
Scheme 2.
Oxidative cyclization of 4-alkynylcarboxamides.
λ

-Iodane-mediated Cycloisomerization/functionalization Reactions
Since oxazole nucleus has found widespread applications in fields of medicinal chemistry and synthetic chemistry, many strategies have been developed for the construction of oxazoles. 13, 14 Among them, the cycloisomerization of N-propargyl amides has been widely employed as the effective and versatile synthesis of oxazoles (Scheme 3).
On the other hand, although iodocyclizations of various alkynes have been applied to the preparation of functionalized heterocycles, the halocyclizations of N-propargyl amides by general halogenating reagents hardly bring about aromatization to halogenated oxazoles (path d). 18 Recently, Hashmi et al. reported an elegant synthesis of halogenated oxazoles via the gold-catalyzed formation of alkylideneoxazolines (path e) 19 followed by the halogenation of them (path f). 18 Such a method have been extended to oxazole synthesis with the introduction of heteroatomic or carbon functional groups 20, 21 as well as the further oxidation of iodinated alkylideneoxazolines (path g) 22 by Hashmi's and other groups. However, before our report on λ 3 -iodane-mediated oxidative cycloisomerization, 8 these two-step approaches to various functionalized oxazoles has been known. Also, the development of a metal-free cycloisomerization/functionalization sequence of N-propargyl amides still remains a challenging research theme.
Synthesis of oxazoles by cycloisomerization/oxy-functionalization reaction
Our group has previously developed the Pd(0)-catalyzed cycloisomerization/allylation reaction of propargyl compounds with allyl carbonates (path b, Scheme 3), which proceeds via cyclization of N-propargyl amides through the activation of triple bonds by the in situ generated π-ally Pd(II) spices followed by the reductive elimination of the resulting Pd(II) spices. 6, 7 Therefore, directed toward the development of the metal-free cycloisomerization/functionalization sequence of N-propargyl amides, we have focused on the activation mechanism by PIFA and the reductive elimination of iodobenzene (Scheme 2). 4 Thus, the similar properties of λ 3 -iodane to metal catalyst would be expected to lead to the metal-free formation of oxazoles concomitant with the introduction of oxygen functional groups.
As shown in Scheme 4, the desired cycloisomerization/oxy-functionalization sequence of N-propargyl amides 1a efficiently proceeded by phenyliodine(III) diacetate (PIDA) in AcOH (conditions A) or in the presence of AcOH (5 eq) in hexafluoroisopropanol (HFIP, conditions B). 8 Thus, the both conditions gave the corresponding products 2a-g in moderate to excellent yields (A: 67-92%, B: 25-88%) not only from aromatic amides 1a-f but also from aliphatic amide 1g, h. In cases of 1d, e having electron-rich aromatic rings and 1h having primary alkyl group, although requiring the thermal conditions (90 o C), the conditions A brought about the significantly good results. Also, the conditions A could be applied to the reaction of internal alkynes 1i (R=Ph) and 1j (R=Et), albeit lower yields than terminal alkynes 1a.
Scheme 4. PIDA-mediated cycloisomerization/acetoxylation reactions of N-propargyl amides 1.
As the reason for the decrease in product yields of the inner alkynes 1i, j, the following two points can be given: (i) PIDA would be hardly coordinated from alkyne π-bonds due to the steric effects, (ii) alkynyliodane intermediates could not be formed as shown in Scheme 1 (path a). Consequently, to check the involvement of alkynyliodane intermediates in the reaction of terminal alkynes, we have carried out H/D exchange experiments using deuterated alkyne d-1a (Scheme 5), which would lead to the formation of undeuterated oxazole 2a if alkynyliodanes is involved. As expected, the treatment of d-1a with PIDA in AcOH under the optimized conditions afforded the undeuterated 2a along with the mono-deuterated d1-2a in 80% yield (d1-2a:2a = 62:38). Interestingly, 1a was exposed to PIDA in AcOD giving rise to di-deuterated product d2-2a as a mixture with d1-2a and 2a (d2-2a:d1-2a:2a = 40:39:21). Notably, in the absence of PIDA, H-D exchange reaction of terminal hydrogen of 1a with AcOD did not occur.
Scheme 5. H/D exchange experiments.
On the basis of these observations, the present formation of oxazole from terminal alkynes would proceed via two routes (Scheme 6). One consists of the cyclization of Int-A through the activation of the triple bond by PIDA followed by the deprotonation of Int-B (route A), and another consists of alkynyliodane Int-F followed by formal intramolecular proton transfer of Int-G (route B). And then, the common intermediate Int-C would be converted to Int-E via 1,4-elimination of AcOH and the subsequent addition of AcOH to the resulting Int-D, and/or via the direct isomerization induced under acidic conditions. The iodonium ylides like Int-D has been proposed as a key intermediate in the PIDA-mediated oxidation of terminal alkyne compounds to α-acetoxy ketones. 23 Also, alkylideneoxazoline has been known to be isomerized to oxazole by acid. 24 Finally, the substitution of phenyliodonium group of Int-E by AcOH and/or the reductive elimination of PhI 25, 26 would give the target oxazoles 2. Accordingly, the introduction of deuterium in the formation of d1-2a from 1a (Scheme 5) would depend on (i) the deuteration of Int-G by AcOD or (ii) the addition of AcOD to iodonium ylide Int-D, both steps of which would be involved in the case of d2-2a. Scheme 6. Proposed mechanism for PIDA-mediated cycloisomerization/acetoxylation reactions.
Synthesis of furans by cycloisomerization/oxy-functionalization reaction
Although oxidative cycloisomerization of enynols by IBX had been reported by Liu et al. 5 as described in Section 1, the oxidative cycloisomerization reactions of alkynes including various metal-catalysis have been known only as preparations of 2-acylfurans. 27 Therefore, the PIDA-mediated oxidative cycloisomerization approach (Section 2.1) was extended to the formation of furfuryl alcohols from 2-propargyl 1,3-dicarbonyl compounds 3 (Scheme 7). 9 In these transformations, PIFA was found to work well rather than PIDA (condition A, B) and IBX. Thus, in the presence of trifluoroacetic acid (TFA), not only diketones 4a, d-g but also ketoester 4b, c successfully reacted with PIFA in CH2Cl2. After the basic work-up, which leads to the alcoholysis of furfuryl trifluoroacetates 5, furfuryl alcohols 4a-g were obtained in 41-78% yields. Also, the present procedure could be applied to the reaction of allyl compound 4h.
To our delight, the direct formation of furfurals 6 from 3 could be achieved by the increasing amounts of λ 3 -iodane reagents and by appropriate selection of additives and solvents (Scheme 8). Thus, the treatment of benzoyl compound 3a,b or bulky aliphatic ketones 3f,g with PIFA in the presence of BF3•OEt2 in CH2Cl2 (condition C) or in HFIP (condition D) gave the corresponding furfurals in good yields. In cases of 3c-e having primary alkyl group, iodosylbenzene (PhIO) with silica gel in DCE (condition E) worked better. Although the formation mechanism of furfurals remains unclear, the formation of furfuryl trifluoroacetates 5 would proceed via the similar reaction pathway for the PIDA-mediated oxidative cycloisomerization of N-propargyl amides/acetoxylation reactions (Scheme 6). 
Synthesis of oxazoles by cycloisomerization/fluorination reaction
Recently, the efficient introduction method of fluorine into heterocycles has received much attention due to the improvement of properties (such as solubility, bioavailability and metabolic stability) by fluorine substituents. 28 As metal-free and efficient preparations of fluorinated heterocycles, cyclization/fluorination reactions of alkenes mediated by (difluoroiodo)-p-toluene (p-TolIF 2 ) with amine-HF complex have been demonstrated. 29 Very recently, catalytic fluorinative transformations using (difluoroiodo)arenes (ArIF2) catalysts, which are in situ generated from ArI precatalyst, m-chloroperbenzoic acid (mCPBA) and HF·pyridine (HF·Py) or aq. HF, have been reported by Kitamura's 30 and Jacobsen's groups, 31 and then have been extended to the aminofluorination of alkenyl amines by Shibata et al (Scheme 9). 32 However, metal-free and catalytic fluorinative transformations of alkynes had been unknown.
Scheme 9.
ArIF2-catalyzed cyclization/fluorination reaction of alkenylamine.
Very recently, we could demonstrated the cycloisomerization/fluorination reaction of N-propargyl amides 1 catalyzed by ArIF2, which is in situ generated from 4-or 2-MeOC6H4I (20 mol%) as a precatalyst with Selectfluor and HF·Py (Scheme 10). 10 This catalytic systems were relatively effective on the reactions of aromatic amides bearing electron-withdrawing groups such as nitro and cyano groups and no substituted 1a giving rise to fluorinated oxazoles 7k-m and 7a in 49-76% yields, albeit no formation of MeO derivative 7d. Surprisingly, although the facile preparation of ArIF2 from and Selectfluor has been established by Shreeve et al. in 2005, 33 this procedure has been not applied to the iodine(III)-catalysis until 2015. 34, 35 It should be mentioned that the use of mCPBA instead of Selectfluor brought about the slow conversion to 7 along with the formation of side-products having oxygen functional group. Scheme 10. ArIF2-catalyzed or -mediated cycloisomerization/fluorination reaction of 1.
In the ArI/Selectfluor/HF·Py catalytic systems, similarly to PIDA-mediated cycloisomerization-acetoxylation sequence (route A, Scheme 6), the generated ArIF2 would promote the cycloisomerization of 1 thought the activation triple bonds. And then, after the nucleophilic substitution of intermediate like Int-E by HF·Py, ArI is regenerated along with formation of fluorinated oxazole 7. Although alkynyliodane intermediate like Int-F might be involved in the present reaction, the formation of alkynyliodane from alkyne with ArIF2 has been unknown. 36, 37 According to NMR studies using NO 2 -substituted 1k or MeO-substituted 1d with p-TolIF 2 , which also promoted cycloisomerization/fluorination reactions of 1k (1d: no reaction), p-TolIF2 would preferentially activate the triple bond rather than the amide group of 1k. This result is indicative of the activation mechanism of triple bond. In contrast, triple bond of 1d was not activated by p-TolIF2 possibly due to high Lewis basicity of the electron-rich amide group, and accordingly would not lead to the formation of intermediate like Int-A.
λ
-Iodane-mediated [2+2+1] Cycloaddition Type Reactions
[2+2+1] Synthesis of oxazoles
Multicomponent cycloaddition-type reactions, which allow for more bond formations in a single operation, can provide more atom-, step-and time-economical conversion of simple starting materials to complex and poly-functionalized cyclic compounds. Therefore, these processes of heteroatom-containing unsaturated compounds by various metal catalysts have been developed for mild and efficient approaches to heterocycles such as pyridines, furan, pyrroles, and some azoles.
13,38
Regarding the cycloaddition-type synthesis of oxazoles, although oxidative [3+2] annulations of prefunctionalized ketones or aldehydes with nitriles or amines have been well studied, 39, 40, 41 catalytic and regioselective [2+2+1] annulations of alkynes, nitriles, and oxygen atom have reported by Zhang's and Jiang's group independently. 42, 43 These procedures are regarded as complementary methods: one is gold-catalyzed preparations of 2,5-disubstituted oxazoles from terminal alkynes (Scheme 11), 42 and another is Cu-catalyzed preparations of 2,4,5-trisubstituted oxazoles from internal alkynes. 43 However, there had been no reports on the formation of 2,4-disubstituted oxazoles by [2+2+1] cycloaddition strategies and on applicable procedures to both terminal and internal alkynes.
Scheme 11. Metal-catalyzed [2+2+1] cycloaddition-type synthesis of oxazoles.
Considering that our oxidative cycloisomerization approach could be applied to both terminal and internal alkynes (Section 2.1), 8 we examined the [2+2+1] synthesis of oxazole from alkynes, nitriles, and oxygen atoms from iodine(III) reagents (Scheme 12). 11 Thus, we envisaged that PhI(OH)X generated in situ from PhIO and various Brønsted acids (H-X) 44 would promote an addition of nitriles to alkyne as a activator of triple bonds concomitant with an incorporation of O-atom into the ring as an O-donor, thereby leading to the metal-free [2+2+1] cycloaddition-type reactions.
Among the tested acid, triflic acid (TfOH) and bistriflylimide (Tf2NH) were effective on the present reaction. Thus, in the presence of TfOH, not only terminal alkynes 8a-c but also internal ones 8d-f reacted with PhIO in MeCN at 80 o C to give the corresponding 2,4-disubstituted oxazoles 9aa-ca, which are different regioisomers from that of Zhang's gold-catalsis, 42 and 2,4,5-trisubstituted oxazoles 9da-fa in 48-82% yields (Conditions F). In cases of electron-withdrawing alkynes 8g,h, 3 equivalent of TfOH showed good results. The use of Tf2NH instead of TfOH brought about these conversion at room temperature, and then improved the yields of products except for 9aa and 9da (Conditions G). In cases of other nitriles such as EtCN, PhCN, and succinonitrile, conditions F showed superior results to conditions G. All the reactions proceeded regioselectively to give the corresponding products as a single isomer with the illustrated structures. Also, conditions F could be applied to a facile synthesis of an anti-inflammatory drug, Oxaprodine from commercially available compounds in two steps including the hydrolysis of 9ee (Scheme 13). 
[2+2+1] Synthesis of imidazoles
Although Debus-Radziszewski reaction using 1,2-dicarbonyl compounds, aldehydes, and ammonia (or amine) has been known as a multicomponent approach to highly substituted imidazoles since a long time ago, this conventional method has met with disadvantages such as harsh conditions, excessive amounts of nitrogen sources, and low selectivities. 46 Consequently, as one of alternative methods, a metal-catalyzed [2+2+1] annulation of alkynes, nitriles and N-atoms from azides has been developed. 47, 48 This method, however, can stand further improvement due to high reaction temperature, tedious procedures, and the limitation of the substrate generality (terminal alkynes only). Therefore, we have extended the abovementioned [2+2+1] cycloaddition-type method (Section 3.1) 11 to the synthesis of imidazole from alkynes, nitriles and N-atoms from N-tosyliminophenyliodane (PhINTs) (Scheme 15). 12 On the PhINTs-mediated [2+2+1] annulations, BF3•nitrile complexes are more effective than TfOH and Tf2NH as acid additives. Thus, in the presence of the corresponding BF3•nitrile complexes, both terminal and internal alkynes successfully reacted with PhINTs in various nitriles at rt to give the desired 2,4-disubstituted and 2,4,5-trisubstituted N-tosylimidazole 11 with complete regioselectivities. Since the similar regiochemistry of products were observed in the iodanemediated [2+2+1] synthesis of oxazoles, the present imidazole synthesis would proceed via the similar mechanism to Scheme 14. By the detosylation with trifluoroacetic anhydride and pyridine, 11af can be easily converted to Catharsitoxin E, which was isolated from the Chinese remedy qiung laug. 49 
